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also useful for low frequency cyclical loading evaluations.
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MULTIPLE SPECIMEN TESTING

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. provi-
sional application Ser. No. 61/699,350 filed on Sep. 11, 2012.

FIELD

[0002] The present subject matter relates to systems and
related methods for concurrently subjecting multiple test
specimens to tensile loading, and particularly cyclical loading
to evaluate fatigue strength characteristics of the specimens.

BACKGROUND

[0003] Acquiring fatigue crack growth rate (FCGR) data at
low frequencies and near threshold values of a test speci-
men’s stress intensity factor requires a significant investment
in time and equipment. Generally, the total time required to
conduct a test can be reduced by increasing the frequency of
cyclical loading, but some situations require tests to be con-
ducted at low frequencies. These low frequency tests can
occupy a load frame for months. For over four decades,
researchers have sought methods to test multiple specimens
simultaneously as a means of obtaining test data faster, while
performing the tests at an appropriate rate. As early as 1966,
Robert E. Little of the University of Michigan proposed
fatigue testing thin cantilevered coupons (0.84 mm) with a
vibration table at either high frequency (approximately 1,000
Hz) orlow frequency (28 Hz). As many as 40 specimens could
be tested simultaneously in order to generate statistics to
predict lifetimes. This was a simple pass/fail test, in which the
specimens were fatigued for 10° cycles and inspected for the
presence of cracks.

[0004] Fatigue testing in bending was also applied to mul-
tiple specimens of bone cement, polymer, and composite. A
technique proposed by Kim et al. rotates thin flat specimens
with dead weights of varying magnitude on each specimen to
generate S-N (Stress versus Cycles-to-failure) curves. The
cycle at which a given specimen fails is noted and the test is
stopped after 10° cycles. For biological materials an immet-
sion bath could be used.

[0005] Similarly, apparatuses described by Imig and Gar-
rett and that of Slota and Wegman were designed to generate
S-N curves, as the crack length is not monitored during the
course of the fatiguing. Both techniques, however, are
designed to test non-standard specimens in tension. The
“specimen” of Imig and Garrett is a titanium alloy (57.2 mm
wide by 1220 mm long) studied for use in supersonic trans-
port airplanes with stress concentrations machined into the
test sections at specific intervals. After one of the test sections
fails, that section is removed, the sheet spliced (bolted) back
together, and the test resumed. Their system imposes very
complex loading sequences to mimic real-time in-flight con-
ditions. Furthermore, thermal loads and corrosive environ-
ments could be accommodated. Slota and Wegman offered no
dimensions for their specimen, but it appears to be a flat bar.
Further description was limited to an actuation method,
which employed air pistons to load each specimen in tension,
and an electrical switching mechanism that cyclically acti-
vated air pistons.

[0006] Ermi et al.in 1981 proposed linking eight miniatur-
ized center-cracked tension specimens and loading them
cyclically in tension. The load was applied by cyclically
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pressurizing helium in a chamber via a bellows at the top of
the chain of specimens. The initial fatigue pre-crack (FPC)
was varied to generate different starting values of the range of
the stress intensity factor (AK). The linked specimens were
fatigued for a pre-set number of cycles, the crack lengths
measured, and fatigue crack propagation (da/dN) curves were
compiled from data from all the specimens. Elevated tem-
perature tests were possible with this test system.

[0007] Multiple specimen fatigue testing with crack growth
monitoring is even less common. Hartt refined his multiple
specimen fixture to include crack growth monitoring with
direct current potential drop (DCPD). Initially, his system
was designed to “run out” the crack, then the test was stopped,
the broken specimen removed and replaced with a new or
dummy specimen, then fatiguing was resumed, generating
S-N data. Eventually, DCPD was added, and additional
efforts generated da/dN curves. The loading source over time
was the same. A servo-hydraulic actuator was employed to
test eight specimens at low frequencies, but the control
method changed from load to displacement control. Results
on tests that used keyhole CT (compact tension) specimens,
constant K (tapered) specimens, and bend specimens have
been reported. Tests were conducted in both air and sea water
to add an element of corrosion fatigue.

[0008] Each of these apparatuses was designed to address
very specific issues, such as those relating to materials, envi-
ronmental conditions, or loading mechanisms. Although sat-
isfactory in many respects, a need remains for systems and
related methods in which multiple specimens can be concur-
rently evaluated and particularly subjected to cyclical load-
ings such as in fatigue strength testing.

SUMMARY

[0009] The difficulties and drawbacks associated with pre-
viously known practices and apparatuses are addressed in the
present systems and methods.

[0010] Inone aspect, the present subject matter provides a
system for simultaneously subjecting a plurality of test speci-
mens to cyclical tensile loading, each specimen defining at
least two apertures separated by a region for crack growth.
The system comprises a collection of serially arranged links,
and a collection of serially arranged clevises. Each of the links
and clevises define noncircular apertures. The system also
comprises a collection of load transfer members. The speci-
mens, links, and clevises are arranged so as to define a col-
lection of aperture alignments through which the load transfer
members extend.

[0011] In another aspect, the present subject matter pro-
vides a system for concurrently subjecting a plurality of seri-
ally arranged test specimens to tensile loading. Each test
specimen defines at least two apertures separated by a region
for crack propagation. Each specimen has a first face and a
second face oppositely directed from and parallel with the
first face. The system comprises a plurality of links including
a first set of links serially arranged along the first face of the
test specimens and a second set of links serially arranged
along the second face of the test specimens. Each link defines
at least two apertures. The system also comprises a plurality
of clevises including a first set of clevises serially arranged
along the first face of the test specimens and between the first
set of links and the first face of the test specimens, and a
second set of clevises serially arranged along the second face
of'the test specimens and between the second set of links and
the second face of the test specimens. Each clevis defines at
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least two apertures. The at least two apertures ofaclevis of the
first set of clevises are aligned with apertures in two adjacent
links of the first set of links to thereby define at least two
loading sites. The at least two apertures of a clevis of the
second set of clevises are aligned with apertures in two adja-
cent links of the second set of links to thereby define at least
two loading sites. The at least two loading sites of the first set
of clevises and links are aligned with the at least two loading
sites of the second set of clevises and links.

[0012] In yet another aspect, the present subject matter
provides a method for simultaneously subjecting a plurality
of'test specimens to tensile loading. Each specimen defines at
least two apertures separated by a region for crack propaga-
tion. The method comprises arranging the plurality of test
specimens in a linear series arrangement. The method also
comprises positioning at least one set of serially arranged
clevises alongside the plurality of test specimens, each clevis
defining at least two apertures. The method also comprises
positioning at least one set of serially arranged links along-
side the plurality of test specimens, each link defining at least
two apertures. The method additionally comprises aligning
the apertures of the test specimens, the apertures of the clev-
ises, and the apertures of the links to thereby define a collec-
tion of aperture alignments. The method also comprises dis-
posing a load transfer member in each aperture alignment.
And, the method further comprises applying tensile loading
to at least one of the set of serially arranged links and the set
of'serially arranged clevises to thereby subject the plurality of
test specimens to tensile loading.

[0013] As will be realized, the subject matter described
herein is capable of other and different embodiments and its
several details are capable of modifications in various
respects, all without departing from the claimed subject mat-
ter. Accordingly, the drawings and description are to be
regarded as illustrative and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a schematic perspective view of a system
for concurrently testing multiple specimens in accordance
with the present subject matter.

[0015] FIG. 2 is a front schematic view of the system
depicted in FIG. 1.

[0016] FIG. 3 is a side elevational view of a clevis compo-
nent used in the system of the present subject matter.

[0017] FIG. 4 is a detailed view illustrating a particular
configuration for apertures defined in the clevis of FIG. 3.
[0018] FIG.5 s aside elevational view of a link component
used in the system of the present subject matter.

[0019] FIG. 6 is a detailed view illustrating a particular
configuration for apertures defined in the link of FIG. 5.
[0020] FIG. 7 is a side elevational view of a typical test
specimen used in the system of the present subject matter.

[0021] FIG. 8 is a schematic side view of a single test
specimen during loading illustrating crack growth.

[0022] FIG. 9 is a schematic side view of a plurality of test
specimens and a plurality of clevises as arranged in a system
of'the present subject matter during concurrent loading of the
specimens.

[0023] FIG.10is a schematic side view of the pluralities of
test specimens and clevises depicted in FIG. 9 with a plurality
of links as arranged in a system of the present subject matter
during concurrent loading of the specimens.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0024] Testing the fatigue crack growth of materials at low
frequencies and realistic stress-intensity factors has histori-
cally demanded a large investment in time. Performing a test
at a frequency less than 1 Hz can take weeks, and if mean-
ingful statistics are needed, two to three months might be
necessary to provide one set of data on the fatigue crack
growth rate. The present subject matter provides systems and
strategies for reducing that time frame by testing multiple
specimens simultaneously. For example, the present subject
matter systems and methods enable concurrent testing of 10
specimens or more. Utilizing the present subject matter sys-
tems, multiple compact tension specimens are arranged in
series and testing can be performed according to ASTM Stan-
dard E647-11. Furthermore, there is no need to interrupt the
fatigue testing of the linked specimens should one or more
specimens finish before the other specimens. As explained
herein, specimens tested in accordance with the present sub-
ject matter generate consistent data of fatigue crack growth
rate.

[0025] FIG. 1 schematically illustrates a system 10 in
accordance with the present subject matter in which a plural-
ity of test specimens can be concurrently evaluated and/or
subjected to cyclical loading such as prescribed in testing
procedures of ASTM E647-11. Specifically, the system 10
enables concurrent testing of a collection of test specimens
60. The system 10 comprises a plurality of clevises 20 serially
arranged along the system 10. A first set of clevises 20 are
disposed along a first face of the test specimens 60 and a
second set of clevises 20 are disposed along a second face of
the test specimens 60. The system 10 also comprises a plu-
rality of links 40 serially arranged along the system 10. A first
set of links 40 are disposed along a face of the first set of
clevises 20. And a second set of links 40 are disposed along a
face of the second set of clevises 20. The system 10 also
comprises a plurality of load transfer members 80. In the
version of the system depicted in the referenced figures, the
load transfer members 80 are in the form of cylindrical pins
having circular cross sectional shapes. Each load transfer
member 80 extends through apertures defined in two adjacent
links 40, two clevises 20, and a test specimen 60. The system
10 may optionally comprise one or more sensors 90 such as
sensors or gages for measuring crack mouth opening dis-
placement (CMOD) or crack growth. It will be understood
that the present subject matter can be used in conjunction with
direct current potential drop (DCPD) for measuring or moni-
toring crack growth.

[0026] FIG. 2 is a front schematic view of the system 10
depicted in FIG. 1. In certain embodiments or applications it
may be desirable for the system 10 to include a housing 95 to
enclose the plurality of test specimens 60 and expose the
specimens 60 to particular environmental conditions such as
for example atmospheric agents such as hydrogen or corro-
sive agents, or conditions such as pressures, temperatures, or
combinations of these and/or in conjunction with other fac-
tors. One or more conduits 98 can be used to administer gases
or other agents to the interior of the housing 95. In certain
versions of the present subject matter, the housing 95 is sealed
or hermetically enclosed. The system 10 may also comprise
one or more, and typically two, main clevises 35. Each main
clevis 35 is disposed at an end of the serially arranged test
specimens 60 and is engaged or otherwise coupled to a dis-
talmost load transfer member 80.
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[0027] Referring further to FIG. 2, it will be appreciated
that each test specimen 60 is connected to adjacent specimens
60 via two corresponding clevises 20. Upon loading the sys-
tem 10 in tension, e.g., applying a tensile force F at the main
clevises 35, the force is transferred from one specimen 60 to
an adjacent specimen 60 so that every specimen 60 in the
system 10 is subjected to the same or substantially the same
loading condition(s). Serially arranged sets of links 40 on
each side of the sets of clevises 20 and test specimens 60, are
engaged with each other via the load transfer members 80.
The apertures defined in the links 40 are slightly elongated,
i.e., noncircular, to allow crack(s) in the specimens 60 to grow
a prescribed amount before adjacent links 40 engage one
another, as described in greater detail herein. Thus, crack(s) in
the specimens 60 are precluded from growing to complete
failure, which if allowed to occur, would “break” or result in
a discontinuity in the load train. Thus, a loading test of the
collection of specimens 60 can continue without interruption
even though one or more specimens has developed a fully
progressed crack or collection of cracks.

[0028] FIGS. 3 and 4 illustrate a typical clevis 20 and an
aperture thereof. Each clevis 20 includes a first face 22, an
oppositely directed second face 24, and two apertures 26.
Generally, the clevises 20 may be provided in a variety of
different shapes, sizes, and/or configurations. However, a
square or rectangular shape with beveled corners has been
found to be useful. In certain versions of the present subject
matter, the apertures 26 of the clevises 20 are provided so as
to exhibit a particular configuration. In certain versions, each
aperture 26 has a noncircular configuration. More particu-
larly, the noncircular configuration includes one or more
nonarcuate or “flattened” regions of the aperture such as
shown in FIG. 4, e.g., nonarcuate or linear regions 26a, 265,
and 26¢ as per ASTM Standard E647-11. For certain versions
of'the present subject matter, each aperture 26 is configured to
include three nonarcuate or linear regions such as shown in
FIG. 4. Incorporation of one or more flattened regions and
particularly three such regions as depicted in FIG. 4, pro-
motes free, i.e., relatively unrestricted, rotation of the load
transfer member 80 inserted in the aperture 26. More particu-
larly, in particular versions of the present subject matter, the
clevises 20 utilize particular arrangements of the apertures 26
along the faces 22, 24 of the clevis 20. The apertures 26 of
each clevis are defined along the faces 22, 24 such that a plane
extending along the direction of application of tensile force F
or force vector F (see FIG. 3) bisects each aperture. In certain
versions of the present subject matter, two of the nonarcuate
or linear regions such as regions 26a and 26¢ (FIG. 4) are
separated from one another by the load line. And, in these
particular versions, the load line intersects and more particu-
larly bisects the other nonarcuate or linear region 265.

[0029] FIGS. 5 and 6 illustrate a typical link 40 and an
aperture thereof. Each link includes a first face 42, an oppo-
sitely directed second face 44, and two apertures 46. Gener-
ally, the links 40 may be provided in a variety of different
shapes, sizes, and/or configurations. However, a square or
rectangular shape with beveled corners has been found to be
useful. In certain versions of the present subject matter, the
apertures 46 of the links 40 have a particular configuration. In
certain versions, each aperture 46 has a noncircular configu-
ration. More particularly, the noncircular configuration has an
elongated shape with two linear regions 46a and 465 located
opposite from one another which separate two arcuate sides,
all of which collectively define the aperture 46. More particu-
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larly, in certain versions of the present subject matter, the
links 40 utilize particular arrangements of the apertures 46
along the faces 42, 44 of the link 40. The apertures 46 of each
link 40 are defined along the faces 42, 44 such that a plane
extending along the direction of application of tensile force F
or force vector F (see F1G. 5) bisects each aperture. In certain
versions of the present subject matter, two of the nonarcuate
or linear regions such as regions 46a and 465 are separated
from one another by the load line. This arrangement is shown
in FIG. 6.

[0030] FIG. 7 illustrates a typical test specimen 60 which
can be used in the system 10. The system defines a first face
62, an oppositely directed second face 64, and two apertures
66. The specimen 60 includes a region 68 for crack propaga-
tion generally located between the apertures 66. The aper-
tures 66 of the specimen 60 are aligned along the previously
described force vector F. In certain versions, the apertures 66
are circular in shape.

[0031] The clevises 20 and the links 40 and their respective
apertures, e.g., 26 and 46, are arranged relative to a collection
of serially arranged test specimens 60 as follows. The two
apertures 26 of a clevis 20 of a first set of clevises, i.e., such as
the collection of clevises 20 positioned along a first face 62 of
the test specimens 60, are aligned with apertures 46 in two
adjacent links 40 of the first set of links. Each set of aligned
apertures 26 and 46 thereby form or result in a loading site. As
will be appreciated, a load transfer member 80 or pin, is
inserted into the aligned apertures 26, 46. Similarly, the two
apertures 26 of a clevis 20 of the second set of clevises are
aligned with apertures 46 in two adjacent links 40 of the
second set of links 40. The resulting aligned apertures 26, 46
define a loading site through which a load transfer member 80
or pin is inserted. The loading sites of the first set of clevises
20 and links 40 are aligned with the loading sites ofthe second
set of clevises 20 and links 40. In particular versions of the
present subject matter, a single load transfer member 80 or pin
extends through aligned loading sites.

[0032] FIG. 8illustrates a test specimen 60 after formation
and progression of a crack 69 within the region 68 (FI1G. 7) for
crack propagation. As will be appreciated formation and pro-
gression of the crack 69 occurs as a result of tensile loading of
the specimen 60 by force vector F generally bisecting the
apertures 66. Generally, at least a portion of the clevises are
disposed between at least a portion of the links and the test
specimens.

[0033] FIG. 9 is a schematic side view of a plurality of test
specimens 60 and a plurality of clevises 20 as arranged in a
system 10 of the present subject matter during concurrent
loading of the specimens 60. In this particular illustration,
each test specimen 60 is shown with a crack 69. For clarity
reasons, the links 40, and other components are not shown in
FIG. 9.

[0034] FIG. 10 is a schematic side view of the pluralities of
test specimens 60 and clevises 20 depicted in FIG. 9 with a
plurality of links 40 as arranged in a system 10 of the present
subject matter during concurrent loading of the specimens.

[0035] In certain embodiments, the present subject matter
also includes the use of supports, spacers, shims, and/or linear
displacement or alignment promoters along one or more faces
or edges of the test specimens 60, the links 40, and/or the
clevises 20. The supports or spacers can be formed from
polymeric materials, metals, or composite materials. Addi-
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tional examples of suitable materials and description of such
supports or spacers are provided in the Examples section
herein.

[0036] The present subject matter also provides various
methods. For example, in a particular version of the present
subject matter, the present subject matter can be used in low
frequency cyclical testing. Nonlimiting frequency ranges are
for example from 0.001 Hz to 10 Hz, and more particularly
from 0.01 Hz to 1 Hz. Although it is envisioned that most
testing evaluations will be performed in tension and will
utilize cyclical loading profiles, it is contemplated that non-
cyclical loadings may be used. Moreover, orientation of the
testing system can be vertical, horizontal, or at any angle
therebetween. A wide array oftesting and evaluation perspec-
tives can be undertaken using the systems and strategies of the
present subject matter.

[0037] Methods for simultaneously subjecting a plurality
of test specimens to tensile loading are also provided. Each
specimen defines at least two apertures separated by a region
for crack propagation. The method comprises arranging the
plurality of test specimens in a linear series arrangement. The
method also includes positioning at least one set of serially
arranged clevises along side the plurality of test specimens.
Each clevis generally defines at least two apertures. The
method also includes positioning at least one set of serially
arranged links alongside the plurality of test specimens. Each
link defines at least two apertures. The method also includes
aligning the apertures of the test specimens, the apertures of
the clevises, and the apertures of the links to thereby define a
collection of aperture alignments. The method also includes
disposing a load transfer member in each aperture alignment.
Testing or evaluation of the plurality of test specimens is
performed by applying tensile loading to the set of serially
arranged clevises to thereby subject the plurality of test speci-
mens to tensile loading. Upon sufficient crack advancement at
least one of the set of serially arranged links will be subjected
to load.

EXAMPLES

[0038] Hydrogen is one of the fuels under consideration for
a clean energy future. For hydrogen to be considered eco-
nomical, transportation costs must be comparable to those of
oil and gas. Therefore, pipelines are the most likely method
for transmission and transportation of hydrogen around the
country. However, there is a known deleterious effect of
hydrogen on the structural integrity of most metals. Conse-
quently, there is a critical need for measuring mechanical
properties of pipeline steels in a pressurized hydrogen envi-
ronment. Regarding fatigue properties, because slower
fatigue rates are theorized to allow more time for the hydro-
gen to migrate to a high stress region, tests at frequencies of 1
Hz or less are needed to more closely simulate the cyclic
operation of a pipeline. Furthermore, this temporal aspect is
common to other types of environmentally assisted fatigue.

[0039] A research project to measure fatigue crack growth
rates (FCGR) of pipeline steels proposed for use for the
transportation of hydrogen gas was performed. The test
matrix comprises four pipeline steels of two different grades,
each from a different source. The steels were selected to offer
acomparison between steels of different strengths and micro-
structures. The steels evaluated were X70A, X70B, X52 mod-
ern, and X52 vintage pipeline steels. These materials are from
a series of steels designated by the American Pipeline Insti-
tute where the number corresponds to the specified minimum
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yield strength in ksi. The steels were fatigue tested in air and
in gaseous hydrogen pressurized to either 5.5 MPa or 34 MPa.
All the tests were conducted in the transverse orientation
(T-L) at a load ratio of R=0.5 and at frequencies of 1 Hz, 0.1
Hz, and 0.01 Hz. The current ASME B31.12 code requires
testing at 0.01 Hz to qualify a material for use with hydrogen
gas. This code applies to hydrogen piping and pipelines. The
slow frequency is required to allow migration of the hydrogen
to the crack tip, providing conservative values for FCGR. A
triangular waveform is applied to the specimens for dynamic
loading.

[0040] These tests were conducted in a stainless steel
(SS316) pressure vessel that was designed and manufactured
specifically for this purpose. The pressure vessel is rated to 34
MPa, has an inner diameter of 127 mm, and an inner length of
813 mm. The end caps have electrical feed-throughs that
permit acquiring the signal from the gages of crack mouth
opening displacement (CMOD) from each specimen and an
internal load cell that more accurately measures the force P
experienced by the specimens. In order to maintain the gas
pressure within the vessel, polymeric seals were necessary,
but they created drag on the pull rod, which in turn affected
the load measured outside of the chamber. The applied forces
for the tests were controlled by the internal load cell. The
forces were applied via a pull rod connected to the actuator of
a servo-hydraulic load frame. The specimens used were a
standard CT design, W=44.5 mm, with integral knife edges
for attaching the CMOD gage. Tests were conducted and the
data analyzed according to ASTM E647-11 for a CT speci-
men design.

[0041] Conventional testing strategies, such as ASTM
E647-11, test one specimen at a time. Using this strategy, it
would have required years to complete 110 fatigue tests at
slow rates with initial values of the range in the stress intensity
factor (AK) around 10 MPa-m0.5. However, as described
herein, the present subject matter enabled this extensive
undertaking to be performed in significantly less time.
[0042] An apparatus in accordance with the present subject
matter was used. As many as ten CT specimens were linked in
series to one another via a set of clevises. The clevises join one
specimen to the next. These coupling clevises are in accor-
dance with ASTM E647-11, which requires flattened pin-
holes to allow free rotation of the pins. Untreated maraging
C250 was used for its strength and resistance to hydrogen
embrittlement. This apparatus was designed for slightly sub-
sized specimens, necessary to fit into the pressure vessel.
[0043] Another component of the present subject matter
assembly is the links, a pair of which is connected to the sides
of'each specimen. The links are a similar size and shape to the
clevises. The clevises span from one specimen to the next,
whereas the links span across the crack of each specimen. As
described herein, the links have slightly elongated holes with
round, rather than flattened bottoms. As the crack grows, the
CMOD increases. Knowing the elastic modulus of the mate-
rial being tested, one can calculate the CMOD for 0.7*W=a,
the final (f) crack length. Each hole is elongated by 0.5*AC-
MOD(,,, where i represents the initial condition, to allow the
crack to grow only that pre-determined distance before the
links are engaged, bearing the load and preventing further
loading of the sufficiently cracked specimen. The full load,
however, continues to be transmitted to other specimens
throughout the chain via the clevises and links. Round pins,
i.e., pins each having a circular cross-section, are used to
connect the specimens, clevises, and links.
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[0044] In order to accommodate specimens of different
thicknesses, spacers made of polytetrafluoroethylene (PTFE)
are inserted between the specimens and the clevises. This
keeps the clevises straight so that the loading is aligned
throughout the specimen chain. Aluminum spacers are placed
between the clevises. These keep the chain of specimens erect
and centered so that the pressure chamber can be placed over
the specimen chain, enabling the end cap of the chamber and
pull-rod assembly to be blindly attached. These aluminum
spacers could move freely and do not interfere with the load
train once the specimens are loaded in tension. Fatigue tests
are conducted in tension-tension, as the chain of specimens
cannot maintain alignment under compressive loading.
[0045] CMOD gages with a sensitivity of 0.001 mm are
attached to each specimen via knife edges that are integrally
machined into the specimen at the load line. These gages
provide continuous data on the progress of the crack propa-
gation.

[0046] Proof that the load was transmitted along the chain
of specimens was obtained by attaching a calibrated proving
ring to the bottom of a chain of specimens. The top of the
specimen chain was attached to the calibrated load cell of the
servo-hydraulic load frame. The specimen chain was fatigue
loaded at a frequency of 1 Hz, and a load ratio R=0.5, while
monitoring the maximum and minimum loads realized by the
proving ring. The load values of the proving ring agreed with
those of the load cell to within <2% when the weight of the
chain is ignored.

[0047] Data were acquired through the use of a procedure
written in a software that is part of the control software for the
servo-hydraulic load frame. Data including time, segment,
force, displacement, and output for each CMOD gage, were
acquired every 200 cycles over a duration of 5 cycles,
approximately 1000 data points per set. A linear regression
was fit to the 1000 data points for the CMOD and the internal
force. Data outside two standard deviations were excluded as
electrical noise. The slope of force (P) versus CMOD,_,_,,
for the five cycles was used for the compliance when calcu-
lating a/W to solve for K and crack length, rather than the
maximum values of P and v (CMOD), as called for in FIG.
Al14 in the standard, ASTM E647-11. This was because
variables, such as temperature, humidity, and drift, may over
time affect the absolute value of the CMOD, but the change in
CMOD (ACMOD) over a given cycle should not be influ-
enced by anything other than the crack length.

[0048] The time savings realized by running multiple
specimens simultaneously may be more than simply multi-
plicative. In the case of the previously described tests, two
days of purging in ultra-pure helium and hydrogen gas are
preferred to remove all impurities from the vessel and pres-
surization system. The time is approximately the same
whether for one specimen or ten. Furthermore, a considerable
amount of expensive, research-grade gases are saved since
the volume of'the ten specimen vessel is only six times that of
a single specimen vessel. The actual test time is dependent on
several factors. The thickest specimen of any given material
and pre-crack length will theoretically take the longest to
complete, no matter how quickly thinner specimens might
finish. This data is necessary to populate the lower values of
AK and da/dN. For values of da/dN=1E-5 mm/cycle, it will
take 100,000 cycles to grow the crack 1 mm; at 0.1 Hz,
therefore, 1 mm of crack growth would take almost 12 days
once the crack has re-activated. These tests typically take
three weeks to complete, and the thinned specimens take half
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that amount of time If, for example, ten specimens of two
materials are tested at 0.1 Hz in hydrogen gas, and there are
six thin specimens and four full thickness specimens for
statistical purposes, the time savings would be 18 days for the
purging and 126 days of testing time.

[0049] The previously described evaluation is one example
of how the present subject matter multi-specimen apparatus
may be utilized. The conditions wherein this apparatus would
achieve the greatest savings are low fatigue rates, numerous
tests needed at the same condition, expensive or controlled
environments. Examples of these controlled environments
might be at low temperatures such as at 4 K, since liquid
helium is becoming more costly, or certain corrosion tests in
which there is concern about contaminating the environment.
The pressure vessel used for the previously described evalu-
ation was vertically mounted in the load frame, but the linking
system could be adapted for a horizontal loading system, if
necessary.

[0050] Further evaluations were conducted on four differ-
ent materials to verify operation of the apparatus. Two API-
grade X52 steels were tested together, and two API-grade
X70 steels were tested together in air at room temperature.
Based on Eq. A1.3 from ASTM E647-11, for given values of
P, W, and a, AK is inversely dependent on the specimen
thickness B. Different specimen thicknesses were employed
(for example, 75% and 67% of full thickness) to provide
different stress levels so that cracks would begin propagating
and the specimens would finish at different times.

[0051] Results of fatigue tests demonstrated excellent
repeatability. Although the data were limited, the precision of
the test method was calculated as reported in ASTM E647-11,
Section 11.1.1.1, Reference 30 (McKeighan, et al., 2008). At
regularly spaced intervals of the Log of AK, the mean and
standard deviation of the corresponding Log (da/dN) were
calculated. The interval spacing (0.02-0.04) and the number
of intervals (5-7) was dependent upon the range of overlap
among each dataset. From the mean of the standard devia-
tions (SD), the average da/dN variability was calculated as
10M*GD] and was reported in the ASTM Standard as a per-
centage. As reported in ASTM E647-11, the average intral-
aboratory da/dN variability for steel was reported as £20%.
The four materials that were tested with this multi-specimen
apparatus in air have variability for da/dN of 20%, 20%, 9%,
and 44%. For the most part, all the data showed an excellent
lack of variability, except for the last material. It had one
dataset that had a lower FCGR than the others of that material,
which skewed the variability calculation. However, there was
no reason to believe that the data were not valid, so they were
included in the calculation. The data obtained were from
pipeline steels, which are not likely to be as homogeneous as
the steel used to determine the variability reported upon in the
Standard.

[0052] Data was obtained from several evaluations simul-
taneously conducted with an apparatus in accordance with the
present subject matter on the vintage X52 steel in hydrogen
gas pressurized to 34 MPa and a frequency of 1 Hz. For
purposes of comparison, data was obtained from Sandia
National Laboratory on a similar material, tested at a hydro-
gen gas pressure of 21 MPa and a frequency of 1 Hz. The
consistency of the sets of data shows that the testing method
of the present subject matter is a reasonable alternative to
repeat testing of single specimens under the same conditions.
An apparatus in accordance with the present subject matter
was utilized to successfully test nine sets each of ten CT
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specimens from pipeline steels in pressurized hydrogen gas at
different pressures and frequencies.

[0053] The present subject matter provides systems and
methods for measuring the FCGR of metallic CT specimens.
Multiple specimens can be tested simultaneously, under the
same conditions, according to ASTM E647-11, and the
results exhibit excellent repeatability, considering the prob-
able inhomogeneity of these materials. The configuration of
the fixture permits an entire set of specimens to continue
fatiguing, even after some have achieved the targeted crack
length. This saves considerable time and resources when
testing under controlled environments, since there is no need,
for example, to vent and re-pressurize test gases, re-fill cryo-
gen, or deal with hazardous fluids when a given sample
reaches the targeted crack length. All specimens within the
chain are exposed to exactly the same environmental and test
conditions, eliminating possible variability in gas concentra-
tions or impurities between tests. The present subject matter
apparatus allows for great flexibility in the number of speci-
mens to be tested and is compatible with control of the sample
environment (for example, carrying out tests in chambers,
dewars, or baths).

[0054] The apparatus described herein allows fatigue test-
ing of multiple specimens simultaneously, and in accordance
with ASTM E647-11. Up to ten CT specimens can be tested
under load control. It is contemplated that the apparatuses of
the present subject matter can accommodate more than ten
specimens. A crack mouth opening displacement (CMOD)
gage for each specimen is employed. The test can continue
running until all specimens have reached the targeted crack
length (a) typically not more than 0.7*W, where W is the
width of the specimen according to ASTM E647-11. With
proper considerations, the specimens may be tested in con-
trolled, harsh environments.

[0055] The present subject matter can be utilized in per-
forming standard fatigue tests. Compact tension is typically
the most common specimen design and so the present subject
matter is readily applicable to such. In standard fatigue tests,
evaluations are typically conducted at frequencies of 10 Hz to
20 Hz. The present subject matter as previously noted herein,
is particularly well suited for use in concurrently testing mul-
tiple specimens. The present subject matter can be used in
nonstandard test methods and/or with nonstandard test speci-
mens. The present subject matter will find wide application in
numerous fields and industries. For example, the present sub-
ject matter can be utilized to evaluate material properties of
assemblies or components of bridges, buildings, dams, dam
gates, turbines, pipelines, valves, transportation assemblies
or structures, wind or wave bearing structures, and pumps.

[0056] Many other benefits will no doubt become apparent
from future application and development of this technology.

[0057] All patents, applications, standards, and articles
noted herein are hereby incorporated by reference in their
entirety.

[0058] As described hereinabove, the present subject mat-
ter solves many problems associated with previous strategies,
systems and/or devices. However, it will be appreciated that
various changes in the details, materials and arrangements of
components, which have been herein described and illus-
trated in order to explain the nature of the present subject
matter, may be made by those skilled in the art without depart-
ing from the principle and scope of the claimed subject mat-
ter, as expressed in the appended claims.
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What is claimed is:

1. A system for simultaneously subjecting a plurality of test
specimens to cyclical tensile loading, each specimen defining
at least two apertures separated by a region for crack growth,
the system comprising:

a collection of serially arranged links;

a collection of serially arranged clevises;

wherein each of the links and clevises define noncircular
apertures; and

a collection of load transfer members;

wherein the specimens, links, and devises are arranged so
as to define a collection of aperture alignments through
which the load transfer members extend.

2.The system of claim 1 wherein the load transfer members
are cylindrical in shape and exhibit a circular cross section.

3. The system of claim 1 further comprising a plurality of
gages or sensors for measuring crack mouth opening dis-
placement or crack growth of the specimens.

4. The system of claim 1 wherein the plurality of test
specimens are serially arranged, each specimen defining a
first face and an oppositely directed second face, the collec-
tion of serially arranged links including a first set of serially
arranged links disposed alongside the first faces of the speci-
mens, and a second set of serially arranged links disposed
alongside the second faces of the specimens.

5. The system of claim 1 wherein the plurality of test
specimens are serially arranged, each specimen defining a
first face and an oppositely directed second face, the collec-
tion of serially arranged clevises including a first set of seri-
ally arranged clevises disposed alongside the first faces of the
specimens, and a second set of serially arranged clevises
disposed alongside the second faces of the specimens.

6. The system of claim 1 wherein at least a portion of the
clevises are disposed between at least a portion of the links
and the test specimens.

7. A system for concurrently subjecting a plurality of seri-
ally arranged test specimens to tensile loading, each test
specimen defining at least two apertures separated by a region
for crack propagation, each specimen having a first face and
a second face oppositely directed from and parallel with the
first face, the system comprising;

a plurality of links including a first set of links serially
arranged along the first face of the test specimens and a
second set of links serially arranged along the second
face of the test specimens, each link defining at least two
apertures;

a plurality of clevises including a first set of clevises seri-
ally arranged along the first face of the test specimens
and between the first set of links and the first face of the
test specimens, and a second set of clevises serially
arranged along the second face of the test specimens and
between the second set of links and the second face of
the test specimens, each clevis defining at least two
apertures;

wherein (1) the at least two apertures of a clevis of the first
set of clevises are aligned with apertures in two adjacent
links of the first set of links to thereby define at least two
loading sites, (ii) the at least two apertures of a clevis of
the second set of clevises are aligned with apertures in
two adjacent links of the second set of links to thereby
define at least two additional loading sites, and (iii) the at
least two loading sites of the first set of clevises and links
being aligned with the at least two loading sites of the
second set of clevises and links.
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8. The system of claim 7 further comprising:

a plurality of load transfer members, wherein one load
transfer member extends through a loading site of the
first set of clevises and links and also extends through a
loading site of the second set of clevises and links.

9. The system of claim 7 wherein the apertures defined in
the plurality of links are noncircular.

10. The system of claim 7 wherein the apertures defined in
the plurality of clevises are noncircular.

11. The system of claim 7 further comprising a plurality of
gages or sensors for measuring crack mouth opening dis-
placement or crack growth of corresponding test specimens.

12. A method for simultaneously subjecting a plurality of
test specimens to tensile loading, each specimen defining at
least two apertures separated by a region for crack propaga-
tion, the method comprising:

arranging the plurality of test specimens in a linear series

arrangement;

positioning at least one set of serially arranged clevises

alongside the plurality of test specimens, each clevis
defining at least two apertures; and

positioning at least one set of serially arranged links along-

side the plurality of test specimens, each link defining at
least two apertures;
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aligning the apertures of the test specimens, the apertures
of the clevises, and the apertures of the links to thereby
define a collection of aperture alignments;

disposing a load transfer member in each aperture align-

ment;

applying tensile loading to at least one of the set of serially

arranged links and the set of serially arranged clevises to
thereby subject the plurality of test specimens to tensile
loading.

13. The method of claim 12 whereby as tensile loading is
applied, at least one crack forms in the region for crack
propagation.

14. The method of claim 12 whereby the tensile loading is
cyclical.

15. The method of claim 14 whereby the cyclical loading is
applied at a frequency within a range of from 0.001 Hz to 10
Hz.

16. The method of claim 15 whereby the cyclical loading is
applied at a frequency within a range of from 0.01 Hz to 1 Hz.

17. The method of claim 12 whereby after positioning the
clevises and positioning the links, the clevises are disposed
between the test specimens and the links.
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